Introduction
Germanium is a promising material for next-generation Si-based electronics since it has high carrier mobility. Furthermore Ge has a unique optical property. Since Ge has the small energy difference (~0.136 eV) between direct and indirect band gap, it is expected to become direct transition semiconductor under tensile strain [1] . However, these theoretical predictions, particularly about its optical property, are always based on semi-empirical deformation potential theory which is not suitable for prediction of property of unknown material. There is no first-principles analysis of optical property of strained Ge, to our knowledge. In this paper, we present a first-principles analysis of optical transition properties of Ge under some types of strain, and we newly propose the structures to realize direct transition strained Ge with the help of strain field analysis using a finite-element method (FEM).
Calculation programs used for this analysis
A series of first-principles calculations were performed using the package "abinit" [2] . We used pseudopotential for atomic potential which was constructed using the package "Opium" [3] including the scalar-relativistic effect and partial core correction. A plane wave basis set was used for expressions of any physical quantity.
First-principles analysis of Ge under tensile strain
At first, we evaluated the lattice constant (a 0 ) and elastic properties of Ge within the density-functional theory (DFT) with local-density approximation (LDA) [4~6] in order to check the accuracy and reliability of our pseudopotential method. We found a 0 =0.567 nm for Ge, which agrees within 0.2% with the experimental value (0.566 nm). The elastic property under (001)-biaxial strain was shown in Fig. 1 . The figure shows the good agreement between LDA-DFT result and experimental value. Next, the shifts of energy eigenvalues under (001)-biaxial tensile strain were calculated with self-consistent GW approximation [7, 8] and the result is summarized in Fig. 2 . It was found that Ge becomes direct transition material under 2% tensile strain. This is the first report on the prediction of indirect to direct band gap transition of Ge based on first-principles. The required 2% tensile strain is realistically applicable to Ge, thus strained Ge is a promising candidate material for Si-based photonics. 
FEM analysis of strain distribution in novel
Si 1-x Ge x stressor / Ge structure Direct transition strained Ge can be realized using either global-strain or local-strain technologies. In order to obtain the guideline for design of local-strain, we performed strain distribution analysis in the system shown in Fig. 3 which is similar to Si 1-x C x source/drain MOSFET. Strain field analysis was performed using the package "ANSYS". Lattice mismatch between substrate and stressor material was expressed using thermoelasticity [9] . Lattice constants and elastic coefficients of Si 1-x Ge x were obtained by linear interpolation of those of Si and Ge. The bottom half of Fig. 3 shows a contour plot of the "lateral" strain in the Ge mesa region. In the calculation it was found that the strain larger than 2%, which is necessary for Ge to become direct transition semiconductor, can be applied around wide area of Ge mesa region.
Conclusions
In conclusion, we found that Ge becomes direct transition material under 2% (001)-biaxial tensile strain using first-principles analysis. Furthermore, we proposed the novel structure to realize such change of transition type and we also found that necessary strain can be applied with Si 1-x Ge x stressor. The materials required in this method are only Si and Ge, therefore it is suitable for integration of optical devices with Si-based MOSFET. 
